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Abstract
The great-grandprogeny of the Caenorhabditis elegans vulval precursor cells (VPCs) adopt one of the final vulA, B1, B2, C, D, E, and
F cell fates in a precise spatial pattern. This pattern of vulval cell types is likely to depend on the cis-regulatory regions of the transcriptional
targets of intercellular signals in vulval development. egl-17, zmp-1, and cdh-3 are expressed differentially in the developing vulva cells,
providing a potential readout for different signaling pathways. To understand how such pathways interact to specify unique vulval cell types
in a precise pattern, we have identified cis-regulatory regions sufficient to confer vulval cell type-specific regulation when fused in cis to
the basal pes-10 promoter. We have identified the C. briggsae homologs of these three genes, with their corresponding control regions, and
tested these regions in both C. elegans and C. briggsae. These regions of similarity in C. elegans and C. briggsae upstream of egl-17, zmp-1,
and cdh-3 promote expression in vulval cells and the anchor cell (AC). By using the cis-regulatory analysis and phylogenetic footprinting,
we have identified overrepresented sequences involved in conferring vulval and AC expression.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
During development of the Caenorhabditis elegans
vulva, at least three intercellular signaling pathways, the
EGF, NOTCH, and WNT pathways, induce six multipoten-
tial vulval precursor cells (VPCs; reviewed in Greenwald,
1997) and their progeny to generate an invariant spatial
pattern of seven cell fates; vulA–F (Sharma-Kishore et al.,
1999). The differentiation of vulval cell types is likely to
depend on the cis-regulatory regions of the transcriptional
targets of these intercellular signals. While several tran-
scription factors are known to be involved in vulval devel-
opment (e.g., lin-1, lin-29, egl-38, lin-31, lin-39, lin-11,
cog-1), their targets are unknown (Beitel et al., 1995; Bet-
tinger et al., 1997; Chang et al., 1999; Clark et al., 1993;
Euling et al., 1999; Freyd et al., 1990; Palmer et al., 2002;
Tan et al., 1998). The gonadal anchor cell (AC) serves as the
source of an inductive signal, LIN-3 (Hill and Sternberg,
1992; Katz et al., 1995; Kimble, 1981). The AC also helps
establish a connection between the vulva and the uterus
(Newman and Sternberg, 1996; Newman et al., 1996). The
isolation of response elements used by the AC and vulval
cells will facilitate identification of transcriptional factors
that control cell-specific gene expression.
Here, we focus on the cis-regulation of three genes dif-
ferentially regulated in these vulva cell types and the AC:
egl-17, encoding a fibroblast growth factor family member
(Burdine et al., 1997, 1998); cdh-3, encoding a FAT-like
cadherin (Pettitt et al., 1996); and zmp-1, encoding a zinc
metalloproteinase, (J. Butler and J. Kramer, personal com-
munication; Inoue et al., 2002; Wada et al., 1998). We have
used deletion analysis of the cis-regulatory sequences of
these genes in C. elegans and describe the different regula-
tory regions sufficient to drive expression of these three
genes in the vulval cells and the AC.
We have identified the C. briggsae homologs of these
three genes and then used phylogenetic footprinting
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(Blanchette and Tompa, 2002; Tagle et al., 1988) to identify
potential control regions. Despite having diverged about
50–120 million years ago (Coghlan, 2002), both C. elegans
and C. briggsae share almost identical development and
morphology (Nigon and Dougherty, 1949). Rescue of C.
elegans mutant phenotypes with C. briggsae has demon-
strated functional conservation between these species (e.g.,
de Bono and Hodgkin, 1996; Kennedy et al., 1993; Krause
et al., 1994; Kuwabara, 1996; Maduro and Pilgrim, 1996).
Also, analysis of similarity within 142 pairs of orthologous
intergenic regions shows regions of high similarity inter-
spersed with nonalignable sequence (Webb et al., 2002).
Such intergenic conservation between C. elegans and C.
briggsae has been utilized in various studies to isolate
putative binding sites for trans-acting regulatory factors
(e.g., Culetto et al., 1999; Gilleard et al., 1997; Gower et al.,
2001; Krause et al., 1994; Xue et al., 1992). We test inter-
genic conserved regions from C. briggsae for their ability to
drive GFP expression in the vulval cells and anchor cell
from the basal pes-10 promoter for expression in both C.
elegans and C. briggsae.
Materials and methods
Generation of C. elegans promoter GFP constructs
Using PCR (Supplemental Material; Table 1), regions of
interest were amplified with TaKaRa LA Taq (Takara
Shuzo) and cloned into the minimal promoter pes-10,
pPD107.94 (a gift from the Fire lab) by using restriction
sites engineered into the primers. As a template for PCR, the
following constructs were used: the egl-17 promoter
NH#293 (Burdine et al., 1998); the zmp-1 promoter pJB100
(J. Butler and J. Kramer, personal communication); and the
cdh-3 promoter jp#38 (Pettitt et al., 1996). The constructs
are named from the primers used to amplify the region. The
first digits represent the 5 primer and the digits after the
hyphen represent the 3 primer. Additional constructs are
described in the Supplemental material Figs. 1, 2, and 3.
The egl-17 genomic region of NH#293 contains 3819 bp
of sequence upstream of the translation start site. The first
exon starts at nucleotide 4610, and translation starts at
nucleotide 4708. Nucleotide 790 of the egl-17 upstream
region corresponds to nucleotide 17648 in GenBank cosmid
F38G1 (Accession no. AC006635). The zmp-1 genomic
region in pJB100 contains 3472 bp of sequence upstream of
the translation start site. Translation of ZMP-1 starts at
nucleotide 3473. Nucleotide 1 of this zmp-1 upstream re-
gion corresponds to nucleotide 7630 in GenBank cosmid
EGAP1 (Accession no. U41266). The jp#38 genomic region
of cdh-3 contains 5928 bp of sequence upstream of the
translation start site, whose start codon occurs at nucleotide
6041. Nucleotide 113 of the cdh-3 upstream region corre-
sponds with nucleotide 37343 in GenBank cosmid ZK112
(Accession no. L14324).
Constructs were microinjected into the gonads of pha-
1(e2123ts); him-5(e1490) animals (Mello et al., 1991) at a
concentration of 100 ng/l, with 20 ng/l pBluescript SKII
(Stratagene), and 82 ng/l pha-1 (), pBX. Transgenic
animals that stably transmitted the extrachromosomal arrays
were isolated by selecting viable F1 animals at 22°C to new
plates and examining their progeny for GFP expression.
Microscopy of transgenic animals
Animals from at least two lines per construct were
mounted on 5% noble agar pads and scored for GFP ex-
pression under Nomarski optics and epifluorescence with a
200-watt HBO UV source and a Chroma High Q GFP LP
filter set. egl-17 early expression in the grandaughters of
P6.p, the precursor to vulE and vulF cells, was scored at the
four-cell stage. egl-17 vulC and vulD GFP expression was
scored between the late L4 to young adult stages (Burdine et
al., 1998). zmp-1 anchor cell GFP expression was scored
between the L3 and the early L4 stage. vulE and vulD
expression was scored between the late L4 and young adult
stages. zmp-1 vulA expression was scored between the
young adult and adult stages (Wang and Sternberg, 2000).
cdh-3 AC GFP expression was scored between the L3 and
the early L4 stage. cdh-3 vulE, vulF, vulC, and vulD ex-
pression was scored between the late L3 stage through late
L4 stages (Fig. 1; Pettitt et al., 1996).
Protein prediction of orthologs in C. briggsae
The sequence of the C. elegans translated protein used
for the TBLASTX was obtained either through Wormbase
(www.wormbase.org/; Stein et al., 2001), for EGL-17 and
CDH-3, or from J. Butler and J. Kramer (personal commu-
nication) in the case of ZMP-1. Primers used for RT-PCR
(Supplemental Table 1) were: mk166 and mk167 for egl-17,
mk168 and mk169 for zmp-1, and mk170 and mk171 for
cdh-3. For each of these predicted genes, the corresponding
C. briggsae cDNA was partially sequenced from a RT-PCR
product made from poly(A) RNA that was isolated from
mixed-staged C. briggsae worms [GenBank: Accession nos.
AF529234 (EGL-17), AF529235 (ZMP-1), and AF529236
(CDH-3)].
Analysis of homologous upstream sequences in C. elegans
and C. briggsae
The Seqcomp and Family Relations programs (Brown et
al., 2002) were used to identify homologous upstream se-
quences conserved between C. elegans and C. briggsae.
Seqcomp compares a window of fixed size between two
sequences. All 20-bp windows were compared between the
two species at an 80–85% threshold level (3–4 mismatch-
es). The upstream sequences of egl-17, zmp-1, and cdh-3 lie
on C. briggsae contigs c000300114, c010400937, and
c01090600, respectively (Jim Mulikin’s PHUSION assem-
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bler data version 1/15/02, GSC and Sanger WGS; http://
genome.wustl.edu/blast/briggsae_client.cgi).
C. briggsae promoter GFP constructs
Constructs were microinjected (Mello et al., 1991) into
wild-type C. briggsae AF16 (Fodor et al., 1983), at 100
ng/l, with 110 ng/l pBluescriptSKII, and 10 ng/l
myo-2::GFP. Transgenic animals stably transmitting the ex-
trachromosomal arrays were isolated by selecting for pha-
ryngeal myo-2::GFP expression in F2 animals.
AlignACE predictions of overrepresented sequences
AlignACE uses a Gibbs sampling algorithm that com-
putes overrepresented motifs (http://atlas.med.harvard.edu/
cgi-bin/alignace.pl; Roth et al., 1998). The MAP score
(maximum a priori log likelihood) is the functional readout
of the degree to which a motif is overrepresented relative to
the expectation for random occurrence in the sequence un-
der consideration (Roth et al., 1998). We chose a MAP
cut-off of 10 (e.g., Hughes et al., 2000). We used a GC
content setting of 0.35, and searched for motifs of 8 and 10
nucleotides; these nucleotides do not have to be contiguous,
but will receive higher MAP score if they are.
Results
To identify regulatory sequences sufficient to drive cell-
specific expression, genomic fragments were tested for their
ability to drive GFP expression from the heterologous
pes-10 basal promoter (Seydoux and Fire, 1994; G. Sey-
doux, personal communication). This promoter does not
drive expression of GFP in any of these tissues on its own.
The nucleotide sequences for pertinent regions are shown in
Figs. 5, 6, and 7 of the Supplemental Material.
Vulval specificity in the egl-17 cis-regulatory region in C.
elegans
The egl-17::GFP translational fusion NH#293 is detect-
able in P6.p, its daughters, and granddaughters (the pre-
sumptive vulE and vulF cells), turns off in early L4, and
turns on again in vulC and vulD cells in mid L4. This
egl-17::GFP construct contains 3.9 kb of sequence upstream
of the translational start (Burdine et al., 1998), which we
divided into four subfragments. One fragment is expressed
in vulC and vulD, a second is weakly and variably ex-
pressed in the vulE and vulF, while a third is weakly
expressed in vulE and vulF (Fig. 2A). Further deletion
analysis identified a 143-bp region, mk125-132 (4331-4474),
sufficient to drive strong expression in vulC and vulD (Fig.
2B). The 5 end of this region is involved in vulC expres-
sion, and the 3 end is necessary for vulD expression (Fig.
2B). However, the expression levels of both mk102-56
(4359-4516) and mk80-104 (4316-4466) are severely com-
promised when compared with the full-length construct.
When both of these sites are removed, no GFP expression is
seen in either vulC or vulD.
We defined two regions that together confer strong ex-
pression in vulE and vulF. One of these regions, 4565-4667
(Fig. 2C), is located in the 5 UTR of the egl-17 gene and
confers slightly variable and weak expression. A second
element plays a role in conferring specificity to these cells.
While constructs mk82-100 (2888-3611) and mk84-20
(3182-3640) show faint, inconsistent expression in vulE and
vulF, constructs mk82-85 (2088-3203) and mk27-20 (3502-
3690) show no expression at all. Thus, either the element
responsible lies within the region 3203-3502, or multiple
required sites are dispersed throughout the larger region
2888-3690. When regions 3203-3502 and 2888-3690 are
both present, the expression is comparable with the level of
early expression of the full-length reporter construct. In
mk153-148 (4565-4732), despite containing the sequence
sufficient to drive GFP expression in mk153-154 (4565-
4667), we see no GFP expression. Thus, there could be an
inhibitory region of early expression in vulE and F cells
between 4667 and 4732, or the variability might be due to
transgene copy number differences.
Vulva and AC specificity in the zmp-1 cis-regulatory
region in C. elegans
The zmp-1::GFP marker strain containing pJB100 has
3.8 kb of zmp-1 upstream regulatory sequence and expresses
in the ACs of L3 larvae, and in vulE, D, and A cells of late
L4 and young adult animals (J. Butler and J. Kramer, per-
sonal communication; Wang and Sternberg, 2000). We di-
vided this 3.8-kb upstream region into four fragments (Fig.
3A) and found that mk29-32 (791-1618) showed expression
in the AC, and in vulE and vulA cells. No construct was
found to drive the expression in vulD cells, which is seen in
the full-length reporter construct.
Subdivision of this fragment defined a 380-bp region
(mk50-51; 1052-1438) sufficient to confer AC, vulE, and
vulA expression (Fig. 3B), as well as uterine cell expres-
sion. Further subdivision identified regions sufficient for
AC expression, but did not identify fragments active only in
vulA or vulE in spite of the fact that successive 5 or 3
deletions lose expression in a reproducible manner: vulA
then vulE and finally AC expression (Fig. 3B). We did not
observe vulA expression without expression in both vulE
and the AC, nor did we observe vulE expression without AC
expression. This hierarchy suggests that it is the number of
binding sites, rather than just the qualitative aspects of these
sites, that determines the expression pattern, and hence that
the different cell types have different levels of the factor that
bind these sites. Moreover, when the end points are
changed, the regions that were necessary for expression in a
given cell type become important for other expression pat-
terns (Fig. 3B).
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To test whether the level of expression is determined by
the quantity of the sites alone, or whether qualitative aspects
of the sites are also crucial, we made an internal deletion,
1262-1269 (mk3/4) (Fig. 3B), of a region important for
AC expression. If only AC expression was lost, then the
experiment would suggest that it is qualitative aspects of
this site that are most important in determining the expres-
sion pattern. If vulA expression, or both vulA and vulE
expression, is lost instead, it would suggest that it is the
number of sites bound that determines the expression pat-
tern. The resulting deletion had a more complex effect.
Construct mk3/4 (1262-1269) showed expression in the
AC, and in vulA cells, but showed no expression in vulE
cells. AC expression was not lost, indicating that there are
multiple sites that can drive expression in a given cell type.
vulE expression was lost preferentially over vulA expres-
Fig. 1. Marker gene expression summary. Nomarski image of the vulva of an L4 animal showing the anchor cell as well as vulA, B1, B2, and D cells (vulC,
E, and F are not in this focal plane). The three markers egl-17::GFP, zmp- 1::GFP, and cdh-3::GFP are expressed in different cell types of the vulva at various
developmental stages. This figure shows the stages at which the expression of these three marker genes was scored.
Fig. 2. Upstream regions that direct egl-17 expression. The list of constructs does not encompass all constructs that were made. (For a comprehensive list,
see Supplemental Figure 2.) (A) The genomic region of egl-17 contains 3819 bp of upstream sequence. The first exon of the transcript starts at 4609, with
the translational start at 4708. Nucleotide (nt) 790 of the egl-17 upstream region corresponds with nt 17,648 in GenBank cosmid F38G1 (Accession no.
AC006635). (B) The constructs that were informative in determining two regions, 4331-4359 and 4466-4474, shown in pink, important in driving vulC and
vulD expression. (C) The constructs that were most informative in determining the regions that drive the early expression in the presumptive vulE and vulF
cells are depicted. The first region, 3182-3611, highlighted in orange, shows that, while not sufficient alone to drive the early egl-17::GFP expression, when
combined with the region shown in blue, 4565-4667, drives GFP expression at a level comparable to the full-length reporter construct. The region highlighted
in blue depicts the region that alone is sufficient to drive expression in the presumptive vulE and vulF cells. A / indicates that either the expression level
was reduced with respect to other constructs or not all animals showed consistent expression in the cell. Mk80-104 showed very weak vulC expression in
1/2 lines. 102-56 showed weak expression in vulD in 3/3 lines. On rare occasion, expression in vulC and vulD was seen in mk103-148. The early expression
for this construct was variable from line to line. mk153-154 shows variable expression in the presumptive vulE and vulA cells, although this expression is
neither as weak nor as variable as that seen in mk103-148, mk84-20, mk82-100, and mk15-20. In (B) and (C), the gold boxes depict the elements of similarity
that were found in a comparison with the C. briggsae homolog.
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sion. There are likely qualitative aspects of sites important
as well.
Vulva and AC specificity in the cdh-3 cis-regulatory
region in C. elegans
A cdh-3::GFP fusion containing 6.0 kb of upstream se-
quence is expressed from the L2 stage in the AC; during the
L3 stage in vulE and vulF cells, and in the vulC and vulD
cells of L4 larvae (Pettitt et al., 1996). We divided this
6.0-kb upstream region into seven subfragments (Fig. 4A).
Of the initial constructs, mk62-63 (1478-3008) showed AC
expression; mk66-67 (4434-4997) showed vulva expres-
sion; and mk135-134 (2412-3419) showed both AC and
vulva expression.
We focused on the minimal AC element in the overlap-
ping region (2300-3200) of mk62-63 and mk135-134
(also sufficient to confer uterine cell expression). The min-
imal cis-regulatory region that drives AC expression is 155
bp (mk146-144; 2367-2522; Fig. 4B). This construct dis-
plays variable expression, but the 232-bp construct mk96-
144 (2290-2522) expresses in all animals observed. There
appear to be at least three regions (, , and ) that play a
role in AC expression: while any one region is insufficient
to drive AC GFP expression on its own, any two regions are
sufficient for expression. However, in the case of the coin-
jection of mk64-65 and mk96-145, less than 10% of the
animals show GFP expression in the AC. The nucleotide
sequence of mk96-134 (2290-3419), which contains the ,
, and  sites, is in supplemental Fig. 7. Only some of the
constructs that express GFP in the AC express at the vulva
two-cell stage, while all express by the four-cell stage (Sup-
plemental Fig. 4).
We examined both of the two regions sufficient to confer
vulval cell expression: mk66-67 (4434-4997) and mk135-
134 (2412-3419). Vulval expression appears to be indepen-
dent of AC expression (Fig. 4C). Since mk96-143 (2290-
3164) shows vulval expression while mk96-63 (2290-3008)
does not, the 156-bp region 3008-3164 must be necessary
for vulval expression, but it is not sufficient. The region
2412-2692 also appears to play a critical role in vulval
expression. Multiple sites are likely involved in conferring
vulva cell expression in the 2290-3164 region. The nucle-
otide sequence of mk96-134 (2290-3419) is in Supplemen-
tal material Fig. 7.
A second region, 4434-4997 (mk66-67, 563 bp), also is
sufficient to drive vulval expression (Fig. 4C), but there are
some qualitative differences. The region 4434-4997 confers
very bright vulF expression, while vulF expression in the
region 2412-3101 is much weaker relative to other cell
types. Also, the vulC and vulD expression in region 4434-
4997 is weaker than the vulval expression in the 2412-3101
region. The second region, 4434- 4997 was subdivided into
three overlapping regions: mk66-156 (4434-4729),
mk155-67 (4719-4997), and mk158-159 (4680-4883) (Fig.
4C). Of these constructs, mk66-156, in a single line, showed
very weak sporadic expression in vulC and vulD cells, and
mk158-159 drove very weak expression on rare occasion in
vulE or F. As with the other vulva cell sufficiency region,
multiple sites important to all vulva cell expression must lie
in this region. The nucleotide sequence of mk66-67 is in
Supplemental material Fig. 8.
C. briggsae homologs of egl-17, zmp-1, and cdh-3
To identify conserved upstream regulatory regions, we
identified the homologs of ZMP-1, EGL-17, and CDH-3 in
C. briggsae. The predicted C. briggsae egl-17 cDNA lies on
contig c000300114. The EGL-17 proteins in both species
consist of 5 translated exons (Supplemental material, Fig. 9 ).
The predicted zmp-1 C. briggsae cDNA lies on two non-
overlapping contigs, c010400937 and c000100134. The C.
elegans ZMP-1 protein consists of 8 translated exons (Sup-
plemental material, Fig. 10), as does the C. briggsae protein.
The predicted C. briggsae cdh-3 cDNA lies on two over-
lapping contigs, c014100642 and c01090600. The C. el-
egans protein consists of 23 translated exons, while the C.
briggsae protein consists of 21 exons (Supplemental mate-
rial, Fig. 11).
Comparative sequence analysis
Previous comparisons of intergenic regions have relied
on gross alignment of these sequences to find regions of
similarity by using programs such as ClustalW (Higgins et
al., 1996). We used the Seqcomp and Family Relations
programs that perform a comparison of two genomic se-
quences (Brown et al., 2002). This algorithm allows the
isolation of possible conserved regions (phylogenetic foot-
prints; Tagle et al., 1988) regardless of location or orienta-
tion. The footprints between these two species are, on av-
erage, 80% similar, while whole intergenic regions are, on
average, 47% similar in C. elegans and 50% similar in C.
briggsae (Webb et al., 2002). A comparison of these regions
at a threshold value of 85–90% identity thus should allow
identification of the most similar noncoding regions.
For egl-17, we used the entire C. elegans 3.9-kb up-
stream region as a basis for comparison with C. briggsae
sequence upstream of the predicted egl-17 translational start
site. At a 90% threshold level, four regions of similarity (A,
B, C, and D) are found (Fig. 5A) located in the same
orientation and order (Supplemental material, Fig. 5). Ele-
ments B, C, and D all appear at a 100% threshold level.
Element A shares 90% identity between the two species.
Two of these four elements, B and D, are in regions of the
C. elegans sequence shown by our sufficiency analysis to be
important for either early expression in the presumptive
vulE and vulF cells, or in vulC and vulD cells, respectively.
Element B resides within a region in C. elegans important
for early expression in vulE and vulF (Fig. 2C). However,
this region alone in C. elegans was not sufficient to drive
this expression pattern consistently. Element D is in a region
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in C. elegans important for vulC and vulD expression (Fig.
2B). Elements A and C lie in regions not necessary for vulC
and vulD expression in C. elegans.
At 85% identity, with C. elegans sequence mk80-132
(4316-4474) (Fig. 5A) needed to drive expression in vulC
and vulD, another region, element E, is identified (Supple-
mental material, Fig. 5).
For zmp-1, we used the C. elegans genomic sequence
from the region mk50-51 (Supplemental material, Fig. 6A)
important for vulva expression in vulA, vulE, and the AC,
as a basis for comparison against the C. briggsae sequence
upstream of the predicted zmp-1 translational start site. Four
regions of similarity were found (Fig. 5B). The order of
these four elements (A, B, C, and D) is conserved (Supple-
mental material, Fig. 6). However, element D is in the
reverse orientation with respect to the other elements and
the coding region; element D lies within a region in C.
elegans crucial for AC and vulE cell expression (Fig. 3B).
Part of this region was deleted in the 3/4 zmp-1 internal
deletion, which shows loss of expression in vulE. The B
element is located in a region in C. elegans important for
vulA expression. Element A appears at the 90% threshold
level, while the rest of these elements appear at the 85%
level.
We performed two separate analyses of cdh-3. First, we
used the upstream region from C. elegans, 2290-3419
(mk96-134) (Supplemental material, Fig. 7A), which drives
both AC expression and vulva cell expression (the first
vulval region) and the sequence upstream of the predicted
translational start site of C. briggsae cdh-3. At a threshold
level of 85% identity, six elements where found (Fig. 5C).
These elements, A–F, are scrambled with respect to each
other between the two species (Supplemental material, Fig.
7). Element A resides within the  region, element B resides
within the  region, and element F resides within the 
region defined by the sufficiency analysis in C. elegans.
These three sites are important for AC expression, and may
also help drive expression in vulE, F, C, and D (Fig. 3B).
Element F is identical in the two species, while the rest of
these elements are 85% identical. All three remaining ele-
ments, D, E, and F, as well as part of C, are contained in the
C. elegans region mk118-143 that drives variable expres-
sion in vulD, vulE, and occasionally vulC.
The second analysis of cdh-3 was performed with the
C. elegans genomic sequence corresponding to the
mk66-67 (4434-4997; Supplemental material, Fig. 8A),
which contains the second region sufficient to drive ex-
pression in the vulva cells and the same upstream C.
briggsae cdh-3 sequence used in previous analysis. At an
85% threshold level, four elements were found: H, I, J,
and K (Fig. 5D). The order of elements is scrambled
between the species, and these elements partially overlap
(Fig. 4C; Supplemental material, Fig. 8). Element K is
identical; elements J and H are 95% identical; and ele-
ment I is 85% identical.
Analysis of C. briggsae upstream regions
To assess the role of these conserved elements in the
cell-specific regulation of these genes, we made constructs
containing the elements found in the upstream region of
egl-17, zmp-1, and cdh-3 in C. briggsae (Table 1).
Construct mk160-161 (a 748-bp fragment containing the
C. briggsae egl-17 elements B, C, D, and E) (Supplemental
material, Fig. 5B) drives C. elegans expression in both vulC
and vulD cells, as well as early expression in the presump-
tive vulE and vulF cells (Table 1; and Supplemental mate-
rial, Fig. 12). In all lines examined, animals showed variable
early expression. Not only was GFP expressed in vulE and
vulF, but GFP was also expressed in vulA, B, C, and D; this
expression perdured into later stages of invagination
(through L3 in some cases, but never in L4) than in C.
elegans. GFP was sometimes not expressed in E and F,
while it was expressed in A, B, C, and D cells. This con-
struct might lack a negative regulatory element, or the
species could have some relevant difference. Element B,
involved in vulE and vulF expression, is located 200 bp
upstream of the region that correlates with vulC and vulD
expression. However, in C. elegans, this potential enhancer
element is 1 kb away from the elements involved in vulC
and vulD expression. The spacing of elements might not be
critical.
The C. elegans egl-17::GFP reporter, containing 3.9 kb
of upstream sequence, shows the same expression pattern in
C. briggsae as it does in C. elegans (Table 1). An occasional
animal does not express GFP in vulC and vulD during L4
stage. However, the 748-bp construct mk160-161 is not
expressed in the C. briggsae vulE and vulF cells at the VPC
four-cell stage, although an occasional animal that was
starting to invaginate did show expression in P5.p lineage
(Table 1). Thus, either all the elements required for the
fidelity of the early expression in C. briggsae are not con-
Fig. 3. Multiple regions direct zmp-1 expression. (A) The zmp-1 genomic region contains 3472 bp of upstream sequence. The start site of ZMP-1 is at nt 3473.
Nucleotide 1 of the zmp-1 upstream region corresponds with nt 7630 in GenBank cosmid EGAP1 (Accession no. U41266). AC stands for anchor cell. (B)
The construct that confers GFP expression in vulE, vulA, and AC at a similar level as the full-length reporter construct is shown at the top. The expression
pattern of each construct shown is located at the right. The colored zones represent regions that confer GFP expression in a particular cell type: orange regions
are those areas that contribute to vulA cell expression; yellow regions contribute to both vulE and vulA expression; blue regions important for driving
expression in vulE; and purple regions are those regions that contribute to anchor cell expression. mk106-51 is the smallest construct that drives expression
in the three cell types (depicted in green). A / indicates that either the expression level was reduced with respect to other constructs, or that not all animals
showed consistent expression in the cell. A gap in the graphical depiction in construct mk3/4 indicates an internal deletion. In (B), the gold boxes depict
the elements of similarity that were found in a comparison with the C. briggsae homolog.
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tained in this construct, or the native gene in C. briggsae is
not expressed in these cells. In L4 animals, GFP was ex-
pressed in the vulva in about 50% of the animals. Of these,
GFP was consistently expressed in vulC, and sometimes
vulD. We infer that an element necessary for the fidelity of
the expression in C. briggsae in vulC and vulD may be
missing. Furthermore, this missing element plays a greater
role in regulating the expression in vulD than in vulC.
Construct mk172-173 (5138-5892), a 755-bp fragment
containing the C. briggsae zmp-1 elements A, B, C, and D
(Table 1; and Supplemental material, Fig. 6), drives expres-
sion in the C. elegans AC, vulE, and vulA (Supplemental
material, Fig. 13). The only apparent difference between the
expression pattern is that the vulA expression is variable,
and seems to occur at slightly later time points. There thus
may be an additional element(s) not present in mk172-173
that ensures the fidelity of the vulA expression. In C. el-
egans, vulA expression can be seen in the young adult, but
mk172-173 drives vulA expression slightly later than its C.
elegans counterpart; the majority of animals do not express
GFP in vulA cells until eggs are present.
The C. elegans zmp-1::GFP reporter, containing 3.5 kb
of upstream sequence, has a similar expression pattern in
both species (Table 1). Consistent expression was seen in
the AC, vulA, and vulE. Expression in vulD cells in C.
briggsae was not determined because of its weak expression
in C. elegans.
A 1.4-kb fragment containing the C. briggsae cdh-3
elements A, B, D, E, and F (mk162-163; Supplemental
material, Fig. 7B) drives expression in the C. elegans vulE,
F, C, and D cells, but less than 10% of the animals showed
any expression in the AC (Table 1; and Supplemental ma-
Fig. 4. Regions that direct cdh-3 expression. (A) The genomic region of cdh-3 contains 5928 nucleotides of upstream sequence. The translational start site
occurs at nt 6041. Nucleotide 113 of the cdh-3 upstream region corresponds with nt 37,343 in GenBank cosmid ZK112 (Accession no. L14324). The name
of the constructs, a graphical depiction of their location with respect to the full-length upstream region, and a summary of the expression of each construct
are shown for each panel. These lists of constructs do not encompass all constructs that were made. A / indicates that either the expression level was
reduced with respect to other constructs or not all animals showed consistent expression in the cell. (B) cdh-3 constructs that illustrate the importance of two
regions that direct the expression of the GFP in the anchor cell from the VPC four-cell stage. The , , and  subregions are also shown. This anchor cell
expression pattern has at least one additional layer of complexity. The expression from some constructs comes on at the VPC two-cell stage, while from other
constructs it does not express until the VPC four-cell stage (Supplemental figure) (C) The constructs that are listed illustrate the importance of these two
regions in directing the expression of the GFP in vulE, F, C, and D. The first region, in blue, is bounded by nucleotides 2412-3101, and the second region,
in yellow, is bounded by nucleotides 4434-4997. Construct mk66-156 shows variable weak expression in the occasional animal in vulC and vulD, while
mk158-159 shows variable weak expression in the occasional animal in vulC, E, and F, but never vulD. In (B) and (C) the gold boxes depict the elements
of similarity that were found in a comparison with the C. briggsae homolog.
Table 1






Ce-egl-17 NH#293 Full length native C. elegans Early, vulC, and vulD
Ce-egl-17 NH#293 Full length native C. briggsae Early, vulC, and vulD (vulC/D
slightly variable)
Cb-egl-17 mk160-161 Elem. B-E pes-10 C. elegans Variable early*, vulC and vulD
Cb-egl-17 mk160-161 Elem. B-E pes-10 C. briggsae No early, variable vulC and vulD
Ce-egl-17 mk84-148 Elem. B-E pes-10 C. elegans Early, vulC, and vulD
Ce-zmp-1 pJB100 Full length native C. elegans vulE, vulA, and anchor cell
Ce-zmp-1 pJB100 Full length native C. briggsae vulE, vulA, and anchor cell
Cb-zmp-1 mk172-173 Elem. A-D pes-10 C. elegans vulE, vulA, and anchor cell
Ce-zmp-1 mk50-51 Elem. A-D pes-10 C. elegans vulE, vulA, and anchor cell
Ce-cdh-3 jp#38 Full length native C. elegans vulE, F, C, and D and anchor
cell
Ce-cdh-3 jp#38 Full length native C. briggsae anchor cell, rare vulval cell
expresses
Cb-cdh-3 mk162-163 Elem. A,
B, and D-F
pes-10 C. elegans vulE, F, C, and D
Ce-cdh-3 mk96-134 Elem. A-F pes-10 C. elegans vulE, F, C, and D and anchor
cell
Cb-cdh-3 mk164-165 Elem. H-K pes-10 C. elegans vulE, F, C (variable), not vulD
Ce-cdh-3 mk66-67 Elem. H-K pes-10 C. elegans vulE, F, C, and D
Note. This table lists the origin of the upstream region. The names of the construct, features of this construct [e.g., conserved elements (elem.) contained
within the region], and the promoter from which expression is driven are listed, as well as which species was injected, and the resulting expression pattern.
*, This construct showed variable expression in the presumptive vulE and vulF cells, as well as variable expression in the secondary lineages, the presumptive
vulA–D. The sequences of these regions (Supplemental Figs. 5-8) and micrograph of the expression directed by the C. briggsae upstream regions
(Supplemental Figs. 12–14) injected into C. elegans are available in the Supplemental information section.
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terial, Fig. 14). A similar C. elegans fragment, mk96-134
(2290-3419), drives expression in vulE, F, C, D, and AC
(Fig. 4).
A 277-bp fragment containing the C. briggsae cdh-3
elements H, I, J, and K (mk164-165) (Table 1; and Supple-
mental material, Fig. 8B) drives expression in C. elegans
vulC, E, and F, but not in vulD (data not shown). This
expression pattern varies from animal to animal, with vulF
showing the strongest and the most penetrant expression. A
similar C. elegans fragment, mk66-67 (4434-4997; Fig.
4C), drives expression in vulE, F, C, and D.
The C. elegans cdh-3::GFP reporter, containing 6.0 kb of
upstream sequence, does not show the same expression
pattern in C. briggsae as it does in C. elegans (Table 1).
Although the expression in the AC is present consistently,
only rarely is there expression in vulC, D, E, or F. However,
when the cdh-3 C. briggsae sequences are placed in the
context of C. elegans, there is some expression in vulval
cells. We infer that the factor(s) that drive expression in C.
elegans might be absent or have altered site-specificity in C.
briggsae. This gene might have different functions in these
two species, or C. briggsae cdh-3 may use binding sites not
present in the 6.0 kb of the C. elegans sequence to drive
expression in the vulva cells.
Transfac binding site predictions
To find potential transcription factor binding sites, we
used MatInspector (http: www.genomatix.de/mat_fam;
Quandt et al., 1995). We set the core matrix similarity to a
minimum of 0.90 to maximize the specificity of the binding
sites. We compared binding sites in mk50-51 (1052-1438;
zmp-1 upstream region sufficient to drive expression in the
AC, vulE and vulA) with those in mk96-134 (2290-3419),
the cdh-3 region that is sufficient to drive expression in the
AC, as well as vulE, F, C, and D (Supplemental material,
Table 2). This comparison predicts 21 shared binding sites.
We found 39 distinct shared binding sites in the 2 regions
sufficient to drive cdh-3 vulva expression, namely mk66-67
(4434-4962) and mk96-134 (2290-3419). Lastly, we com-
pared mk84-148 (3182-4732; the egl-17 region sufficient to
drive vulC and D as well as early expression in the pre-
sumptive vulE and vulF cells), with mk50-51, mk96-134,
and mk66-67. In this case, any putative binding site that is
shared in 3 of these might indicate a factor involved in
conferring cell specificity, since these genes express in over-
lapping cell types. In 12 cases, the same binding site showed
up in all 4 regions. These might be candidates for a more
general factor that drives tissue-specific expression in all
vulva cells. Some families are well represented in these
analyses: homeodomain, forkhead, cAMP-responsive ele-
ment, octamer, and zinc finger.
We compared the output from the program of C. elegans
mk84-148 (3182-4732) with the output for the C. briggsae
mk160-161 (17543-18289). This process was repeated to
compare C. elegans sequences from mk96-134 (2290-3419)
with C. briggsae sequences for mk162-163 (22710-21306),
and C. elegans sequences for mk66-67 (4434-4962) with
sequences for C. briggsae construct mk164-165 (18143-
17867). Finally, this analysis was done for C. elegans con-
struct mk50-51 (1052-1438), and for C. briggsae construct
mk172-173 (5138-5892). A total of four potential binding
sites were found in the conserved regions of egl-17 (Sup-
plemental material, Table 3). All four of these sites were
located in element D. zmp-1 contained eight factor binding
sites in conserved regions (all located in conserved region B
or D). The first cdh-3 region containing conserved elements
A–F had three factor binding sites in conserved regions
(located in elements B and F; Supplemental material, Table
3); and the second cdh-3 region containing elements H–K
also had three conserved putative binding sites (all located
in element K; Supplemental material, Table 3). Although
this program predicted binding sites for families thought to
play a role in the specification or terminal differentiation of
these cells (e.g., ETS family, TCF/LEF-1), we found only
two putative binding sites for factors from these families
(LIM homeodomain and HOX) whose site is located in one
of the conserved regions of C. elegans and whose corre-
sponding element in C. briggsae also contains the same site.
lin-11 is a LIM domain family member and is known to play
a role in the specification of secondary cells (Freyd et al.,
1990). LIM domain binding sites are found in conserved
regions of egl-17 and cdh-3 (mk66-67/mk164-165 region).
There is a conserved site in cdh-3 (mk96-134/mk162-163)
and zmp-1 (mk50-51/mk172-173) for the HOX homeodo-
main family (Kenyon et al., 1998). However, the consensus
for the homeodomain families is very weak outside the
TAAT core.
AlignACE predictions of overrepresented sequences
The Transfac database (Quandt et al., 1995) is used to
identify binding sites of known transcription factors, but it
is likely that novel motifs might exist in our genes of
interest. To determine whether the apparent coordinate reg-
ulation of these genes might indicate common DNA se-
quences, we used the AlignACE program (Roth et al.,
1998), which computes motifs based on sequences overrep-
resented in the input sequence. We found motifs overrep-
resented in the sufficiency regions of egl-17 mk84-148,
zmp-1 mk50-51, and cdh-3 mk96-134 and mk66-67 indi-
vidually. We also identified motifs common to mk96-134
and mk50-51, each sufficient to confer expression in the
AC, and to mk84-148, mk50-51, mk96-134, and mk66-67,
which all drive expression in the vulva. These motifs may
represent candidate transcription factor binding sequences
critical for either AC or general vulval expression, respec-
tively. We also compared mk96-134 with mk66-67 for
reasons similar to those of the other vulval expression com-
parison, with the additional benefit that these two regions
are located in the same upstream sequence, and might iden-
tify candidate motifs that are specific to cdh-3 vulval ex-
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pression. Analysis of these motifs should help us identify
candidate sequences for which to search for in upstream
regulatory regions of genomic sequences for potentially
coregulated genes. One caveat is that some motifs that occur
ubiquitously in a genome may be given a high MAP score,
but have little relevance to the particular set of genes being
examined.
In the egl-17 region mk84-148, we found 14 8-bp motifs,
Fig. 5. Seqcomp and Family Relations predictions for egl-17, zmp-1, and cdh-3 upstream sequences. In these analyses, the window size is 20 bp. After the
Seqcomp program found a region of similarity, this region was examined by eye for other conservation nearby. These regions are shown in red. In all four
analyses, the translational start site is located on the far right and side of the schematics. (A) In the EGL-17 upstream comparison, we used a threshold value
of 90% similarity. Elements A, B, C, and D are shown on the schematic of the upstream sequence. The four smaller panels below show the nucleotide
conservation of these four elements between the two species. (B) For the ZMP-1 upstream comparison, we used a 85% threshold level. (C) In the first cdh-3
comparison, we used sequences that corresponded to sequences that resided within C. elegans construct mk96-134. We used a threshold of 85% identity. (D)
In the second cdh-3 comparison, we used sequences that corresponded to sequences residing within C. elegans construct mk96-134. We used a threshold of
85% identity.
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of which only 5 scored above our MAP score cut-off limit
of 10, and we found an additional 3 motifs of 6 10-bp motifs
that were also above this threshold MAP score (Supplemen-
tal Table 4A). Several of these candidate motifs showed
multiple overlapping motifs (e.g., motif 4.8 and 2.8 share 5
sites); this overlap indicates that these motifs are really the
same, or that these sites colocalize, which may identify
binding sites of trans-acting factors that bind cooperatively.
Some of these sites (Supplemental material, Table 4B) are
in regions important for the fidelity of egl-17 expression, for
the early expression in the presumptive vulE and vulF cells,
as well as later expression in the terminally differentiated
vulC and vulD cells. For example, motif 1.8 site 1158 is
located between primers mk125 and mk102; this region
(4331-4359, Fig. 3A) is an important region for vulC and
vulD expression. One motif, 3.8, is in a region, 4667-4732
(Fig. 2), that might have repressor elements controlling
early expression of egl-17 in vulE and vulF.
The zmp-1 sufficiency region mk50-51 has only one 8-bp
motif (Supplemental material, Table 4A). However, this
motif has multiple sites, of which two are in regions impor-
tant for the fidelity of zmp-1 expression in vulA and vulE
cells (Supplemental material, Table 4B). Site 316 lies in a
region (1367-1378; Fig. 5) critical for vulA expression. Site
100 is located in a region (1165-1180; Fig. 3) important for
expression in both vulE and vulA.
We analyzed two cdh-3 regions. The first region, mk96-
134, is sufficient to drive expression both in the AC and in
the vulva cells. The second region, mk66-67, is able to
confer vulval expression in vulE, F, C, and D. For mk96-
134, we identified two 8-bp motifs and one 10-bp motif
(Supplemental material, Table 4A). The 10-bp motif, 3.10,
overlaps almost entirely with motif 1.8 (Supplemental ma-
terial, Table 4B). All three of these motifs are located in
multiple places in the , , and  regions (Fig. 4), which
help confer AC expression (Supplemental material, Table
4B). Motif 1.8 shows a paucity of sites between primers
mk136 and mk164 (Fig. 4). This region may be important
for conferring vulval expression. Construct mk96-143 is
able to confer vulval expression, but constructs mk96-63
and mk64-65, which divide this region in two, cannot drive
this expression. Either the sites are located toward the center
of this region where the break between constructs mk96-63
and mk64-65 occurs, or sites from either end of the larger
region 2290-3164 (mk96-143) are required for this expres-
sion pattern, in which case motif 1.8 might be a good
candidate sequence. We found no motifs above a MAP
threshold of 10 in the region mk66-67.
To identify motifs important in conferring AC specific-
ity, we compared the region mk96-134 with mk50-51; both
of these regions are sufficient to drive AC expression. We
identified six candidate motifs (Supplemental material, Ta-
ble 4A). All of these motifs had sites that were located in
regions important for conferring expression in the AC of
zmp-1, and all were present in multiple copies in the , ,
and  regions critical for AC expression in cdh-3 (Supple-
mental material, Table 4B).
We identified no candidate motifs present in both mk96-
134 and mk66-67. However, in our analysis of all the
sufficiency regions that express in the vulva, we found 13
candidates for motifs that might bind trans-acting factors
that play a more general role in conferring vulva tissue
specificity (Supplemental material, Table 4A). Of these 13
candidates, all but 1, motif 4.8, had at least 1, and usually
multiple, sites in all 4 regions, mk84-148, mk50-51, mk96-
134, and mk66-67. Motif 4.8 was not found in mk66-67
(Supplemental material, Table 4B).
We also used AlignACE to identify motifs in the up-
stream sequences of the C. briggsae egl-17, zmp-1, and
cdh-3 (Supplemental material, Table 5). We then looked to
see which of those motifs were localized in conserved
elements. We chose this approach instead of searching for
common motifs between homologous upstream regions be-
cause homologous upstream regions, by definition, are
likely to be more similar. While looking for regions of
similarity was an effective approach to identifying impor-
tant regulatory sequences within a large upstream sequence,
the Seqcomp and Family Relations programs (Brown et al.,
2002) recognize matches based on 85–100% identity over a
window of 20 bp. AlignACE identifies motifs based on a
consensus of 8–10 bp. These matches will likely occur
much more frequently between two homologous upstream
regions than those in two coregulated genes and may not be
functionally meaningful. We also searched for motifs that
were common to C. briggsae zmp-1 region mk172-173 and
C. elegans cdh-3 region mk96-134, each of which is suffi-
cient for AC expression.
In C. briggsae egl-17 region mk160-161, AlignACE
identified three 8-bp motifs and two 10-bp motifs above the
threshold MAP cut-off of 10 (Supplemental material, Table
5A). Several of these motifs have a common site, which
suggests that they are either variants of the same motif or
represent binding sites of trans-acting factors that coopera-
tively bind DNA. Motifs 1.8, 2.8, 3.8, and 5.10 all have
roughly the same site in conserved element B, implicated in
the fidelity of the early expression in vulE and vulF (Sup-
plemental material, Table 5B). Also, all of the motifs except
5.10 had sites within conserved element D; element D is in
a region critical for conferring expression in vulC and vulD
(Supplemental material, Table 5B).
The C. briggsae zmp-1 region mk172-173 has three 8-bp
motifs and two 10-bp motifs (Supplemental material, Table
5A). While motifs 1.8, 3.8, and 4.10 all contained sites in
conserved element D, only motif 1.8 was found within the
part of this element that is contained in the sufficiency
region mk50-51 in C. elegans (Supplemental material, Ta-
ble 5B). Conserved element D might help confer expression
in vulA. Motif 5.10 has one site that is found in conserved
element A, a region critical for AC expression in C. elegans
(Supplemental material, Table 5B).
In C. briggsae cdh-3 construct mk162-163, nine 8-bp
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motifs and five 10-bp motifs were identified (Supplemental
material, Table 5A). Of these motifs, 4.8, 5.8, 7.8, 8.8,
10.10, and 12.10, each had one site in conserved element F.
This element is in a region that in C. elegans was important
for both vulval and AC expression ( region). Motifs 8.8,
12.10, and 13.10 all contain a site in conserved element D,
and a site in conserved element A (Supplemental material,
Table 5B). The role that element D plays in cdh-3 expres-
sion is unclear. Conserved element A is located in the 
region important for AC expression in C. elegans, but
mk162-163 was not able to drive expression in the AC
except in few rare cases.
Mk164-165 contains one 8-bp and two 10-bp motifs
(Supplemental material, Table 5A). Taken together, these
motifs have sites in conserved elements H, J, K, and I.
Mk164-165 drives vulE, F, C, but not D expression in C.
elegans vulval cells (Supplemental material, Table 5B). The
extensive conservation in this region suggests that these
motifs might be functionally important.
We also compared the C. briggsae zmp-1 mk172-173
region to the C. elegans cdh-3 mk96-134 region; both of
these regions are sufficient to confer AC expression. Align-
ACE identified one 8-bp motif and two 10-bp motifs above
the MAP score cut-off of 10 (Supplemental material, Table
5A). An ideal candidate motif would have sites in conserved
regions of both cdh-3 and zmp-1 (in essence giving a four-
way comparison). Unfortunately in this case, while all three
motifs have at least one site that is located in conserved
element A of the cdh-3 region, no sites fall in the conserved
elements identified in zmp-1 (Supplemental material, Table
5B). We did not do the reciprocal comparison since the C.
briggsae construct, which contains the conserved elements
that appear to be important in conferring AC specificity in
C. elegans, does not drive expression in the AC in C.
elegans.
Discussion
A common assumption in the modeling of genetic reg-
ulatory networks is that the cell-specific genes expressed in
a given terminally differentiated cell type are likely to be
subject to coordinate control, and hence possess similar
upstream cis-acting sequences (Davidson, 2001). This as-
sumption in C. elegans has only been partially validated: no
striking similarity was found in the 5 regions of dpy-7 and
other C. elegans cuticle genes (Gilleard et al., 1997); nor
between ace-1 and ace-2 (Culetto et al., 1999). The success
stories lie in the studies of the inducible expression of the C.
elegans metallothionein genes, mtl-1 and mtl-2, which occur
in intestinal cells (Moilanen et al., 1999), and in the study of
daf-19-regulated expression of genes expressed in all cili-
ated sensory neurons (Swoboda et al., 2000).
We have analyzed the cis-regulatory sequences of three
genes that have overlapping expression patterns in particu-
lar cell types within the C. elegans vulva and AC. We chose
three genes, egl-17, zmp-1, and cdh-3, whose function is not
required for the normal development of the vulva and AC,
and hence likely lie downstream of the cell-fate specifica-
tion pathways; also, all three are members of families in-
volved in morphogenesis and extracellular matrix remodel-
ing (Branda and Stern, 2000; Burdine et al., 1997, 1998;
Pettitt et al., 1996; Wada et al., 1998; J. Butler and J.
Kramer, personal communication).
Some C. elegans genes, such as the acetylcholinesterase
gene, ace-1 (Culetto et al., 1999), and the cuticle gene dpy-7
(Gilleard et al., 1997), are regulated in a relatively simple
fashion by tissue-specific promoters. Other genes, such as
ges-1 (Egan et al., 1995) and mec-3 (Wang and Way, 1996),
require both activator and repressor elements to establish
proper expression. Krause et al. (1994) have suggested that
a more complex mechanism of control might be used in C.
elegans to regulate genes that are expressed prior to termi-
nal differentiation. For cdh-3, zmp-1, and the late expression
in vulC and vulD cells in egl-17, we indeed find discrete
regions that direct tissue-specific expression, although each
of these regions appears to have multiple subelements.
Moreover, we found no evidence of repressor elements in
these regions. However, our analysis was not conducted in
the context of the native promoter. We discuss below the
regions directing expression of each of the cell markers that
we examined in this study.
egl-17
egl-17 is expressed in the terminally differentiated cells
vulC and vulD, as well as earlier in the presumptive vulE
and vulF cells (Burdine et al., 1998). This early egl-17 GFP
expression appears to be separable from the later expression
in vulC and vulD cells. The early expression of egl-17 in the
presumptive vulE and vulF cells is the first marker indicat-
ing that the progeny of P6.p are specified to become primary
cells (Ambros, 1999). Therefore, this expression might re-
spond directly to the RAS-signaling pathway involved in
the specification of these cells. There appear to be at least
two regions directing this early expression pattern. One
element that lies within 281 bp of the transcriptional start is
sufficient for this pattern, but is not as strong as the full-
length reporter. This expression is enhanced by an element
that lies 1 kb upstream. There also appears to be a region,
4667-4732, that inhibits early expression, but its removal
does not drive ectopic expression in C. elegans.
The minimal region sufficient for vulC and vulD cell-
specific expression is 143 bp (mk125-132). There is some
separability of the regions that drive vulC expression from
those that drive expression in vulD. The 5 end of this
region plays a critical role for vulC expression. Likewise,
the 3 end of this region is important for vulD expression.
However, removal of either the 5 or 3 ends of this region
substantially reduces expression levels. While there are sites
required for expression on either end of this region, the role
the remaining portion of this fragment is unclear. egl-17
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expression conferred in the terminally differentiated vulC
and vulD cells does not appear to be under negative regu-
lation. M. Cui and M. Han (personal communication) have
independently determined similar regions that confer egl-17
expression in presumptive vulE and vulF cells as wells as
vulC and vulD cells. Using the Transfac database (Quandt et
al., 1995), we found no evidence for the convergence of
signaling pathways, in particular ETS, Su(H), or TCF target
sites for RAS, NOTCH, and WNT signaling pathways in
conserved regions at the level of this promoter. However,
the AlignACE program (Roth et al., 1998) identified several
candidate motifs that might identify binding sites of com-
ponents of these pathways, either new or as yet uncharac-
terized. vulE and vulF are sister cells, as are vulC and vulD,
and while we could easily separate expression of vulE and
vulF from vulC and vulD, we had very limited success
trying to separate the sister cell expression.
zmp-1
We have defined a 380-bp region of zmp-1 sufficient to
confer vulE, vulA, and AC specificity on the pes-10 pro-
moter. We did not identify any region that drives the weak
vulD expression found in the full-length reporter marker.
Multiple sites within the small 386-bp region confer
expression in a reproducible, predictable fashion. When
successive deletions are made on either end of this region,
vulA expression is lost first, then vulE expression, and
finally AC expression. We found segments of the zmp-1 5
region that drive expression in only the AC, but we were not
able to identify regions that only drive expression in vulA or
vulE. The AlignACE program (Roth et al., 1998) identified
a motif, 1.8, present in multiple copies throughout this
region, and that might serve as binding sites for such a
factor. Yet, when sites necessary for the expression in the
AC are internally deleted, vulE expression, rather than AC
expression, is lost. Thus, while sequential deletions generate
a reproducible pattern of expression loss, there are also
some cell type-specific sites. Although this region appears
to be part of a more complex regulatory region, we saw no
ectopic expression, suggesting that there are no repressor
elements involved in the coordinated expression of this gene
or that the repressor elements are closely apposed to binding
sites for activators.
cdh-3
The complex cdh-3 5 regulatory region contains dis-
cernable tissue-specific cis-regulatory elements. cdh-3 ex-
pression was examined in two tissues: the vulva (vulE, F, C,
and D) and the gonad (AC). The DNA elements sufficient to
drive AC expression are separable from the elements that
drive expression in the vulva.
At least three regions (, , and ) are important in AC
expression; two of these three elements must be present for
expression. AlignACE (Roth et al., 1998) identified three
motifs, 1.8, 2.8, and 3.10, that each had multiple sites in the
, , and  regions. There are also two separable regions
that are each sufficient to drive expression in the vulva cells.
When these regions were compared to identify overrepre-
sented sequences with AlignACE, no common motifs were
found. Despite the fact that both regions were sufficient for
vulval expression, there were qualitative differences in the
strength of expression in the individual cell types. In the
second region, the expression in vulF was stronger than in
the first vulval region. GFP expression in vulC is weaker
when driven by the second region than by the first. Although
we found limited evidence that there are individual elements
responsible for expression in each of the vulva cell types,
we did find evidence that multiple binding sites within both
of these regions are responsible for the fidelity of the ex-
pression pattern. The loss of expression in all the vulva cells
might be the result of a more general regulatory mechanism
on all vulva cells. This all-or-none mechanism of conferring
tissue specificity is reminiscent of the C. elegans myo-2,
analysis in which one enhancer element was responsible for
conferring expression in all pharyngeal cells, while the other
two elements conferred specificity for specific pharyngeal
sub-types (Okkema and Fire, 1994). In the analysis of
cdh-3::GFP expression, we never saw expansion or ectopic
expression of this marker, suggesting that there are no
repressor elements.
Distance of elements from translational start sites in
egl-17, zmp-1, and cdh-3
The elements that confer cell specificity do not seem to
lie within a fixed distance from the translational start sites of
their respective genes. In the case of egl-17, the transcrip-
tional start site of egl-17 is less than 400 bp from the
elements sufficient to drive expression in vulC and vulD
cells, and is less than 281 bp from the element sufficient to
drive early expression in the presumptive vulE and vulF
cells. However, the 386-bp zmp-1 regulatory region that
confers tissue specificity lies over 2.0 kb upstream of the
translational start site of ZMP-1. Finally, the cdh-3 regula-
tory regions responsible for AC expression lie almost 3.8 kb
upstream of the translational start site of the gene, while the
elements that control vulva expression lie 3.6 and 1.6 kb
from the cdh-3 translational start.
Sufficiency analysis summary
By analyzing the functional anatomy of tissue-specific
and cell-specific patterns of three reporter genes, zmp-1,
egl-17, and cdh-3, we have narrowed a 3.9-kb upstream
region of egl-17 to a 143-bp region of egl-17 that confers
vulC and vulD expression, and a separate 102-bp region
sufficient to drive the early expression in presumptive vulE
and vulF cells. A 3.5-kb zmp-1 upstream region has been
narrowed to a 300-bp region sufficient to confer expression
in vulE, vulA, and the AC. Moreover, a 6.0-kb upstream
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region of the cdh-3 upstream sequence has been delimited
to: a 689-bp region sufficient to drive expression in the AC
and vulE, vulF, vulD, and vulC; a 155-bp region sufficient
to drive AC expression; and a separate 563-bp region also
sufficient to drive expression in these vulval cells. We
identified regions of similarity between these three cis-
regulatory sequences and provided evidence for several
different mechanisms through which C. elegans regulates
transcription. These mechanisms include the use of discrete,
separable elements that confer cell type-specific expression
(cdh-3 in the AC and egl-17 in sister cells), the use of
complex patterns of binding sites that act combinatorially to
establish the fidelity of expression in a variety of cell types
from different lineages (zmp-1), and tissue-specific ele-
ments responsible for driving expression in an entire tissue
rather than in subdomains of its constituent cells (cdh-3
vulval expression).
Phylogenetic footprinting
Phylogenetic footprinting identifies the most highly con-
served elements in regulatory regions; these are promising
candidates for binding trans-acting factors (reviewed in
Blanchette and Tompa, 2002). In our analysis, we already
had found relatively small regions from the homologous C.
elegans genes sufficient to direct vulva and AC expression.
For egl-17, there was a coincidence of the conserved region
with the functionally defined sequences at the 95-90% iden-
tity level; there were only four elements that were conserved
in the 3.9 kb of the original reporter construct. However, for
both cdh-3 and zmp-1, there were multiple conserved ele-
ments that did not necessarily fall in the realm of the
previously defined sufficiency fragments. In zmp-1, at a
threshold level of 85% identity, there are two to four blocks
of conservation in the upstream regions. One of these blocks
is the region around mk50-51. In cdh-3 at a threshold level
of 100% identity, three conserved regions appear; elements
K and F are located in two of these three regions. At a
threshold level of 90%, element K expands as does the third
site, and one additional region appears. Finally, at the 85%
threshold level, we see multiple sites spread out throughout
the upstream region. This fact made the sufficiency data
invaluable for determining which of these conserved ele-
ments may play a role in directing vulva and AC specificity.
These other conserved regions could be conserved elements
involved in the regulation of this gene in other tissues.
egl-17::GFP is expressed in a limited number of other tis-
sues: in two large unidentified cells in the head at the
three-fold stage of embryogenesis, in the M4 pharyngeal
neuron, and occasionally in the ventral hypodermis of late
first-stage larvae (Burdine et al., 1998). In C. elegans,
zmp-1::GFP is expressed in a variety of other cell types,
from multiple lineages, including uterine and tail cells, and
body muscle and subsets of neurons (J. Butler and J.
Kramer, personal communication). In hermaphrodites,
cdh-3::GFP is expressed in the seam cells, the buccal and
rectal epithelia, the excretory cell, two hypodermal cells in
the tail, the uterine epithelium closest to the invaginating
vulval cells followed by the multinucleate uterine seam cell
(utse), the vulva, and associated neurons (Pettitt et al.,
1996). The complexity of the expression patterns and the
variety of tissues in which both zmp-1 and cdh-3 expression
are expressed contrasts with the relatively simple expression
pattern of egl-17::GFP; thus, these other conserved regions
in zmp-1 and cdh-3 might be other cis-regulatory regions
driving transcription in other tissues. Also, some genes have
undergone a faster rate of divergence than others have.
Potential for specific isolation trans-acting factors
binding sites by phylogenetic footprinting between
C. elegans and C. briggsae
By comparing the phylogenetic footprints in the up-
stream regions of homologous sequences from C. elegans
and C. briggsae, we were able to narrow down regions that
were responsible for the vulva and AC-specific expression
of these genes. However, we could not determine distinct
binding sites. cis-Regulatory binding sites can be 6–10 bp
long, and they are often highly variable; since DNA has
only a 4-fold variation instead of the 20-fold seen in protein,
its level of random variation can be quite high. Comparison
with C. briggsae will be helpful in locating a phylogenetic
footprint of conserved regulatory regions and confirming
the presence of a putative binding site(s). However, when
there are no obvious trans-acting candidates, it might be
necessary to compare coregulated or homologous genes
from several other species to detect signal above back-
ground.
Implications of cross-species comparison of egl-17,
zmp-1, and cdh-3
Comparison of the expression patterns of the full-length
C. elegans GFP reporter constructs in C. elegans and C.
briggsae suggests that there might be interspecies differ-
ences in gene regulation. Both egl-17 and cdh-3 show dif-
ferences in expression patterns in the vulva and AC in C.
briggsae.
The C. elegans egl-17::GFP reporter, containing 3.9 kb
of upstream sequence, shows expression in the same vulval
cells in C. briggsae as it does in C. elegans. However, there
are some differences. Occasionally, C. briggsae animals do
not express egl-17::GFP in vulC and vulD cells at the L4
stage. It is unknown whether this is a result of DNA-
mediated transformation differences between C. elegans
and C. briggsae, or if it reflects differences in gene regula-
tion. Early expression is grossly the same between the two
species when we examined the full-length C. elegans con-
struct in C. briggsae. However, when the C. briggsae egl-17
conserved upstream sequence mk160-161 was injected into
C. elegans, early expression was highly variable, and was
driven in P5.p and P7.p and their descendants as often as it
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was driven in P6.p. This same region does not show con-
sistent expression in the 1° lineage in C. briggsae, but does
show occasional expression in the 2° lineage, P5.p. This
difference suggests a repressor site in C. elegans that inhib-
its expression in vulval cells outside of the 1° lineage.
However, occasionally, in C. elegans, the C. elegans
egl-17::GFP expression is observed in the 2° lineages at the
VPC four-cell stage, but this expression is always in addi-
tion to expression in P6.p (M. Wang, D. Sherwood, and
M.K., unpublished observations).
While, the differences in the egl-17::GFP expression
pattern may only be the result of quantitative differences in
binding specificity of one or more transcription factors, the
differences in cdh-3::GFP expression are more substantial.
These differences indicate that cdh-3 may be playing a
different role in the vulval cells in C. briggsae.
Analysis of putative trans-acting factors
Our deletion analysis defined small regions critical for
the fidelity of the expression pattern of these three genes;
however, these regions are still broad enough to obscure the
resolution of distinct binding sites. We used the Transfac
database to look for putative trans-acting factors in the
conserved regions that drive expression in the anchor and
vulva cells (Supplemental material, Table 2), and to com-
pare these data with the putative binding sites found in the
sufficiency analyses. Putative binding sites in the conserved
elements between C. elegans and C. briggsae upstream
sequences overlap with only a few putative sites defined by
the sufficiency analysis of these potentially coregulated
genes. Among the overlap were: the CLOX family mem-
bers, CDP and CDPCR3; the glucocorticoid response fam-
ily member, GRE; the octamer family member, Oct1; and
the homeodomain proteins ISL1 and MEIS-1. The expres-
sion is likely driven in these cells by different combinations
of factors, and thus we will not be able to identify a single
factor(s) responsible for driving the expression in a single
cell type across a panel of coregulated genes, or in ortholo-
gous genes in different species.
While a number of genes (for example, egl-38, lin-26,
lin-29, cog-1, and lin-11) (Freyd et al., 1990; Labouesse et
al., 1994; Rougvie and Ambros, 1995; Bettinger et al.,
1997; Chamberlin et al., 1997; Palmer et al., 2003) are
known to effect the marker gene expression patterns in the
vulva, it is not yet known whether they act directly in the
regulation of these genes (M. Wang, T. Inoue, and P.S.,
unpublished observations). Of these genes, only a site po-
tentially bound by LIN-11 showed up in our Transfac anal-
ysis.
An AC element that drives transcription of LIN-3 has
been identified and involves two trans-acting factors (B.
Hwang and P.S., unpublished observations). Removal of
these factors does not disrupt the expression of cdh-3 or
zmp-1::GFP in the AC. Thus, there are at least two different
mechanisms and/or factors that are used to establish the AC
expression.
Analysis of overrepresented sequences in regions of
sufficiency
While the Transfac database (Quandt et al., 1995) iden-
tifies binding sites of known transcription factors, Align-
ACE (Roth et al., 1998) identifies overrepresented se-
quences, and thus identifies candidate motifs either within a
gene or between genes. We identified a number of motifs in
the egl-17 region mk84-148, the zmp-1 region mk50-51, and
the cdh-3 region mk96-134. Also, we compared sufficiency
regions expressed in the same tissue to identify common
motifs potentially responsible for coregulation. In this way,
we have identified motifs that may play a role in AC
expression and a more general vulva tissue-specific expres-
sion.
This program identified motifs in our C. briggsae con-
structs, and we evaluated whether these motif sites resided
in any of the conserved regions found using Seqcomp and
Family Relations. C. briggsae zmp-1 region mk172-173 and
C. elegans cdh-3 region 96-134, each of which is expressed
in the AC, include several motifs.
Utility of de novo analysis by sequence comparison
between C. elegans and C. briggsae
Independent analysis by phylogenetic footprinting and
sufficiency testing can define similar control regions for
conferring cell type-specific expression (e.g., regions that
drive egl-17 expression in the vulval cells can be found
independently by both methods). However, the success of
de novo analysis using phylogenetic footprinting techniques
will likely depend on the complexity of the cis-regulatory
control region. The more complex the control region, the
more one must rely on other data, such as test of sufficiency
to confer regulation on a basal promoter, in establishing the
appropriate region for any given cell type-specific expres-
sion. In our study, both the zmp-1 and cdh-3 upstream
regions had multiple regions of similarity, and it was only
through the use of our sufficiency data that we were able to
correctly identify regions that conferred vulval cell and AC
expression. However, in all cases, there was a phylogenetic
footprint that overlapped with the general region identified
in the sufficiency analysis. While these modules are not
narrow enough to resolve discrete binding sites, the addition
of other species may allow subdomains of these phyloge-
netic footprints to be identified and tested for their ability to
confer cell type-specific expression. Also, we found evi-
dence of differences in the expression of both egl-17 and
cdh-3 full-length C. elegans reporter constructs in C. brigg-
sae; such differences suggest that the regulation of these
proteins might have changed in the last 50–120 million
years. The convergence of cross-species sufficiency studies
101M. Kirouac, P.W. Sternberg / Developmental Biology 257 (2003) 85–103
and phylogenetic footprinting studies is an efficient way to
identify candidate factor binding sites.
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